The heritability of chronic obstructive pulmonary disease (COPD) cannot be fully explained by recognized genetic risk factors identified as achieving genome-wide significance. In addition, the combined contribution of genetic variation to COPD risk has not been fully explored. We sought to determine: (1) whether studies of variants from previous studies of COPD or lung function in a larger sample could identify additional associated variants, particularly for severe COPD; and (2) the impact of genetic risk scores on COPD. We genotyped 3,346 single-nucleotide polymorphisms (SNPs) in 2,588 cases (1,803 severe COPD) and 1,782 control subjects from four cohorts, and performed association testing with COPD, combining these results with existing genotyping data from 6,633 cases (3,497 severe COPD) and 5,704 control subjects. In addition, we developed genetic risk scores from SNPs associated with lung function and COPD and tested their discriminatory power for COPD-related measures. We identified significant associations between SNPs near PPIC (P = 1.28 3 10 28 ) and PPP4R4/SERPINA1 (P = 1.01 3 10 28 ) and severe COPD; the latter association may be driven by recognized variants in SERPINA1. Genetic risk scores based on SNPs previously associated with COPD and lung function had a modest ability to discriminate COPD (area under the curve, z0.6), and accounted for a mean 0.9-1.9% lower forced expiratory volume in 1 second percent predicted for each additional risk allele. In a large genetic association analysis, we identified associations with severe COPD near PPIC and SERPINA1. A risk score based on combining genetic variants had modest, but significant, effects on risk of COPD and lung function.
Chronic obstructive pulmonary disease (COPD), a progressive lung disease characterized by irreversible airflow obstruction, is a leading cause of morbidity and mortality worldwide (1, 2) . Although cigarette smoking is the major determinant of COPD susceptibility in the industrialized world (3) (4) (5) , pulmonary response to cigarette smoking is highly variable (6) . Genetic factors contribute to variability in response to smoking, and multiple studies have identified genetic variants associated with increased COPD susceptibility (7) (8) (9) (10) (11) (12) . Nonetheless, the majority of estimated heritability for risk to COPD remains unexplained (13) . In addition, the effect of several recognized risk alleles on lung function or risk of COPD, particularly in cohorts of severely affected subjects, has not been well studied. Meta-analysis of genetic associations across multiple cohorts has the advantage of improving power to detect additional susceptibility risk variants by combining information across studies, which may add to our understanding of disease mechanisms (14) , as well as providing potential new targets for COPD therapy development (15, 16) .
This study had two primary goals. First, we wished to investigate a panel of variants in a larger meta-analysis of cross-sectional data to increase our power to detect associations (17) with moderate-to-severe and severe COPD. The marker panel was composed of two groups of singlenucleotide polymorphisms (SNPs). The first group included top associations from previous genome-wide association studies (GWASs), including SNPs that did not reach genome-wide significance (18) , and the second group included genetic variants hypothesized to affect COPD (19) , including SNPs previously associated with lung function (20) (21) (22) . We hypothesized some of these loci would reach predefined levels of statistical significance with our additional sample size in this meta-analysis.
Because genetic variation is fixed at birth, genetic risk scores in cross-sectional data may offer a way to consolidate genetic information (23) into a clinically meaningful tool that could help clinicians to predict disease susceptibility, progression, and outcomes (24, 25) . Our second goal was to determine the relevance of genetic risk scores to COPD by modeling the effect of COPD-and lung function-associated risk alleles on clinical status, severe COPDaffection status, and forced expiratory volume in 1 second (FEV 1 ) % predicted. We hypothesized that a combined risk score composed of SNPs shown to influence risk to COPD and lung function would explain the genetic contribution to COPD-related outcomes in a clinically useful manner.
Materials and Methods
We performed genetic meta-analysis using eight cohorts, including a total of 16,707 subjects (Table 1) . We genotyped 3,346 SNPs (see the online supplement) in 5,358 subjects from 4 cohorts: the Transcontinental COPD Genetics Study (TCGS)-Korea and TCGS-Poland (26) , the International COPD Genetics Network (ICGN) (27, 28) , and the Boston EarlyOnset COPD Study (29) . To maximize power for meta-analysis, we combined these results with existing data from five additional cohorts: COPDGene non-Hispanic whites and African Americans (30) , Evaluation of COPD Longitudinally to Identify Predictive Surrogate End-Points (ECLIPSE) (31), National Emphysema Treatment Trial (NETT) (32)/Normative Aging Study (NAS) (33) , and Genetics of COPD in Norway (GenKOLS) (34) . Detailed descriptions of these cohorts have been previously published (35) .
All subjects were current or former cigarette smokers with and without COPD, except for the Early-Onset COPD Study, which included a small number of nonsmokers. We defined "moderate to severe" COPD as GOLD (Global Initiative for Chronic Obstructive Lung Disease) (2) spirometric grade II-IV COPD (postbronchodilator FEV 1 /forced vital capacity [FVC] , 0.7, FEV 1 , 80% predicted), whereas "severe" COPD was defined as grades III-IV COPD (FEV 1 /FVC , 0.7, FEV 1 , 50% predicted). Controls had
Clinical Relevance
In meta-analyses of a chronic obstructive pulmonary disease (COPD) genome-wide association study involving over 16,000 subjects, we found two single-nucleotide polymorphisms (SNPs; rs112458284 and rs6860095) not previously described in genome-wide studies that were associated with Global Initiative for Chronic Obstructive Lung Disease spirometric stage III-IV COPD at genome-wide significance levels. One of these likely tags the SERPINA1 Z allele based on its linkage disequilibrium pattern and conditional analysis results. In addition, we describe two genetic risk scores based on COPD-and lung function-associated SNPs and show their applications in explaining COPD severity and COPD affection status risk. 
Genetic Analysis
We used PLINK v1.9 (36) and GWAF (37) for case-control and family-based data, respectively, to perform multiple logistic regression within each dataset and then performed fixed-effect meta-analysis using METAL (38) . Given that many of our SNPs were chosen from top findings from prior GWASs (see Table E1 in the online supplement for full list of SNPs and provenance), we required an overall P value of less than 5 3 10 28 for statistical significance. We also considered a more liberal suggestive threshold based on a Bonferroni correction for the number of tested SNPs (P , 1.49 3 10 25 ).
Genetic Risk Scores
We used PLINK v1.9 to create genetic scores based on significant associations from prior GWASs of COPD and lung function (20, 21, 39) . We oriented risk alleles to be consistent with prior reports, and gave each allele equal weight. We applied these scoring systems to the ICGN cohort, the largest individual cohort not used in the discovery of any of the risk score variants. Risk scores were also applied to the COPDGene and TCGS Poland cohorts using analogous methods. The resultant risk scores were used as predictors in a linear mixed model of FEV 1 % predicted, as well as logistic regression models of both moderate-to-severe and severe COPD incorporating generalized estimating equations. Models were controlled for age, pack-years of smoking, principal components of genetic ancestry, and for familial correlation. In addition, we used the pROC (40) and GenABEL (41) packages in R to compare the accuracy of two models (i.e., model with genetic risk factors and clinical predictors versus the clinical predictors alone) through receiver operator characteristic curves and net reclassification index (NRI). Subjects were divided into three tiers of COPD risk (low, 0-33.3%; intermediate, 33.4-66.7%; and high, 66.8-100%) for NRI analysis to assess the discriminatory benefit of adding genetic information to the clinical risk model of age and pack-years of smoking alone.
Additional details regarding the SNPs and cohorts used in this study-genotype-, marker-, and subject-level quality control, and risk score modeling and NRI analysis-are available in the MATERIALS AND METHODS section and the online supplement.
Results
The baseline characteristics of all cohorts are shown in Table 1 . Notably, the TCGSKorea, TCGS-Poland, and NETT/NAS studies were designed to contain only severe COPD cases, which is reflected in the low average FEV 1 % predicted seen among cases for these studies.
Genetic Association Analysis
The moderate-to-severe COPD analysis included 9,221 cases and 7,486 control subjects, and confirmed signals in the previously described TGFB2, FAM13A, HHIP, CHRNA3/CHRNA5/IREB2, and RIN3 regions; in addition, an SNP in 16p11.2, recently described in an exome chip analysis of these same cohorts (42) , was associated with moderate-to-severe COPD (rs40834, P = 1.90 3 10
28 , estimated odds ratio [OR] = 1.17; Table E2 ). The analysis of severe COPD (Table 2) included 5,300 cases and 7,486 control subjects. We confirmed significance of SNPs in the TGFB2, FAM13A, HHIP, MMP3/MMP12, and CHRNA3/CHRNA5/IREB2 regions. We also identified two SNPs at loci not previously described as genome-wide significant: 5q23.2 between the PRDM6 and PPIC genes (rs6860095, P = 1.01 3 10
28
, estimated OR = 1.24), and an intronic SNP within the PPP4R4 gene (rs112458284, P = 1.28 3 10
, estimated OR = 1.69) in 14q32. 13 .
We examined these loci using the GTEx expression quantitative trait loci database (43) and Haploreg v4.1 (44) . SNP rs6860095 affected gene expression levels of PPIC, snoU13, SNX2, and RN7SL689P in multiple tissues, although not in lung tissue. No significant expression quantitative trait loci were found for SNP rs112458284; however, it lies approximately 200 kb away from SERPINA1, which encodes the protein responsible for alpha-1 antitrypsin deficiency (45, 46) .
We investigated whether rs112458284 could be tagging alleles of SERPINA1 known to contribute to risk of COPD (e.g., the Z allele, rs28929474, or S-allele, rs17580). rs112458284 showed linkage disequilibrium (LD) with the Z allele in directly genotyped (i.e., not imputed) samples from COPDGene non-Hispanic white subjects (r 2 = 0.41, normalized coefficient of linkage disequilibrium [D9] = 0.78) and, to a lesser extent, the S allele (r 2 = 8.63 3 10 25 , D9 = 0.25). Consistent with this hypothesis, the Z allele was associated with COPD at near-genome-wide significance in our primary analysis using imputed data in COPDGene (P = 1.53 3 10 27 , OR = 1.78, confidence interval [CI] = 1.44-2.21); For each previously reported variant and lead variant, the P value refers to the association with moderate-to-severe chronic obstructive pulmonary disease in our analysis. Nominally significant associations (P , 0.05) among previously reported variants are shown in bold. Linkage disequilibrium values (r 2 [between-locus correlation coefficient]) between the previously reported variant and the lead variant in meta-analysis window were obtained using data from 1,000 Genomes Project Phase 1 v3. Proxies for variants not available in our dataset are in parentheses, and P values displayed are for the proxy variant. *Risk alleles showing a discordant association direction of effect for chronic obstructive pulmonary disease risk and decreased lung function risk.
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this signal improved using genotyping data (P = 2.05 3 10
28
, OR = 1.84, CI = 1.49-2.27), although rs112458284 was still the strongest association signal in the region. To further investigate whether there was any association signal at the rs112458284 that was independent from the Z allele, we also conditioned on the Z allele in a meta-analysis model, and found that the association signal for rs112458284 was attenuated (P = 0.0087).
Known alpha-1 antitrypsin deficiency was an exclusion criterion in our study; however, our genotyping (and imputed data) identified three previously unrecognized Z allele homozygotes in the Poland cohort (35) and six additional Z allele homozygotes in the ECLIPSE cohort (47) . After removing these subjects, the rs112458284 association was only mildly attenuated (P = 7.22 3 10 28 ), as was the association with the Z allele (P = 9.29 3 10 28 , OR = 1.80, CI = 1.45-2.23). Thus, heterozygous carriers of the Z allele appear to be driving a large proportion of the association, consistent with prior studies showing an increased risk of COPD for MZ heterozygotes (48) . In addition, these results suggest that if we had not specifically excluded subjects with known alpha-1 antitrypsin deficiency in our other populations, the association with SNP rs112458284 would likely be even more extreme (49) . Allele frequencies for the Z allele in each cohort are provided in Table E3 . The poor imputation quality of the S allele in our cohorts prevented us from further assessing its impact on the rs112458284 association.
We next examined our other SNPs at a more liberal P value threshold. Using a Bonferroni significance threshold for 3,346 SNPs (P , 1.49 3 10 25 ), we identified suggestive associations at three loci (THSD4, AGER/PPT2, and ADAM19). All of these were in regions previously associated in GWASs of lung function. We then examined linkage disequilibrium within each candidate locus to further explore whether these associations represented the same variants as previous associations. We defined "lead SNP" as the association yielding the lowest P value in a given region, and the "candidate SNP" as the previously described variant. In 14 of these lead SNPs, LD with the candidate SNP measured by D9 was greater than 0.8, whereas eight also had an r 2 greater than 0.3 (Table 3) . Notably, SNPs associated with lower lung function showed a directionally consistent increased risk for COPD in 23 of 25 previously reported SNPs directly genotyped in our metaanalysis (binomial for enrichment, P = 9.7 3 10 26 ). These 23 lung function risk alleles included 12 showing a nominally statistically significant (P , 0.05) effect on COPD risk (see Table 3 ). Only lung function risk alleles in the ZKSCAN3 and NCR3-AIF1 genes showed a directionally discordant effect on COPD susceptibility (lower risk of COPD), although these discordant association results were not statistically significant.
Additional results for other variants are reported in Table E4 .
Genetic Risk Scores
We next examined the ability of genetic risk scores to explain both FEV 1 % predicted and COPD affection status. Based on our results presented previously here, we constructed risk scores using genome-wide significant SNPs associated with COPD (COPD7 score, comprised of seven COPD risk SNPs) and also including genome-wide significant SNPs associated with lung function in population-based studies (LUNG30 score, composed of thirty lung function associated risk SNPs); Tables 4  and E5 describe the loci involved in each score. We evaluated the risk scores using the ICGN cohort, the largest available cohort not used in the discovery of these risk loci. Results from the unadjusted model are shown in Figure 1 . In a linear mixed model, adjusting for age, pack-years of smoking, principal components of ancestry, and a within-family component, we found the COPD7 risk score (ranging from 0 to 14 scoring alleles) was associated with a 1.86% reduction in FEV 1 % predicted for each additional risk allele carried (Table 5) . Using generalized estimating equations for models of moderate-to-severe and severe COPD (Table 6) , each additional risk allele in the COPD7 risk score was associated with an OR of 1.18 for moderate-to-severe COPD and 1.19 for severe COPD (P = 4.1 3 10 28 and P = 4.4 3 10 28 , respectively). We found nearly identical results for a standard logistic regression (OR = 1.17 and OR = 1.19, respectively) without family adjustment, and therefore used these simpler models to generate receiver operator characteristic curves for affection status using genetic variants alone, age and pack-years, and the combination of age, pack-years, and genetic information. The area under the curve (AUC) for the genetic model was 0.58 for moderate-tosevere COPD and 0.59 for severe COPD. In addition, adding genetic risk scores (COPD7) only modestly increased the AUC (Figure 2 ) over the AUC of the clinical model. Three-tiered categorical analysis of reclassification (50) after addition of the COPD7 risk score and adjustment for genetic components of ancestry into the clinical model (containing only age and pack-years of smoking) resulted in an NRI of 0.053 (P = 2.32 3 10 23 ) for the combined model risk stratification of 
Definition of abbreviations: COPD7, genetic risk score composed of seven COPD risk SNPs (ranging from 0 to 14 scoring alleles); LUNG30, genetic risk score compsed of thirty lung function associated risk SNPs (ranging from 0 to 60 scoring alleles); SNP, single-nucleotide polymorphism. Genetic risk scores were composed using previous chronic obstructive pulmonary disease (COPD) and lung function-associated loci. The LUNG30 score included all of the loci listed in the above table; the COPD7 score included only those in the bold. Loci names are based on previously reported SNP associations annotated to the nearest gene or region.
moderate-to-severe COPD, and an NRI of 0.047 for risk stratification of severe COPD (P = 0.01). For the expanded LUNG30 score, we found a lower per-allele effect, but larger overall effect, because more factors went into the score (Tables 5  and 6 ). We also tested risk scores in the TCGS-Poland and COPDGene cohorts and found comparable results (see MATERIALS AND METHODS and the online supplement).
Discussion
Genetic association studies in COPD have identified well replicated genome-wide associations with COPD, but the majority of genetic susceptibility remains unexplained.
In a large-scale genetic association metaanalysis of nine cohorts, analyzing both moderate-to-severe and severe COPD, we identified two new associations at genome-wide significance with severe COPD, including one in strong LD with SERPINA1, and associations at a more liberal significance threshold in regions previously associated with populationbased lung function. We found consistent directions of effect on risk to COPD in 23 previously identified markers associated with lung function, consistent with recent reports (7) . We also constructed genetic risk scores that showed compelling relationships for quantitative measures of lung function and modest discrimination for COPD affection status. Our results further inform the discussion of how genetic variants could influence COPD susceptibility.
The discovery that variants in LD with SERPINA1 are associated with severe COPD demonstrates how genetic association studies can confirm known disease mechanisms. This rs112458284 variant is also in strong LD with rs45505795 near SERPINA10 (r 2 = 0.96 and D9 = 1.0) in 1,000 Genomes EUR Phase I v3 data (www.internationalgenome.org), which we recently described in a GWAS of quantitative measures of emphysema (47) . The 5q23.2 region containing SNP rs6860095 is strongly associated with severe COPD risk. Both PPIC and PRDM6 lie in this region. PPIC (also known as cyclophilin C) has functions related to mitochondrial metabolism, inflammation, and immune response through its interactions with cyclosporine A. Although the related protein, cyclophilin A, has been associated with both COPD (51) and lung Definition of abbreviations: CI, confidence interval; COPD7, genetic risk score composed of seven COPD risk SNPs (ranging from 0 to 14 scoring alleles); LUNG30, genetic risk score composed of thirty lung function associated risk SNPs (ranging from 0 to 60 scoring alleles); SNP, single-nucleotide polymorphism.
For each risk score (chronic obstructive pulmonary disease [COPD] 7 and LUNG30), the linear mixed-model coefficient is presented with 95% CI and P value. Final model included adjustment for age, pack-years, familial correlation, and principal components for genetic ancestry, whereas the unadjusted model was not adjusted for age and pack-years.
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cancer (52), to our knowledge, no prior study has shown significant association between PPIC and risk of COPD. The PRDI-BF1 and RIZ homology domain containing 6 (PRDM6) protein is involved in chromatin remodeling and transcriptional control of smooth muscle gene expression (53) . Expression of PRDM6 has been implicated in the pseudoglandular and canalicular stages of lung morphogenesis in murine models, and expression has been documented in smooth muscle of the developing murine trachea, bronchi, and pulmonary trunk (53) . Additional studies are needed to confirm association between markers in 5q23.2 and severe COPD. We examined genomic loci previously associated with FEV 1 , FEV 1 /FVC, and additional variants previously hypothesized to be associated with COPD (19) . SNPs that met criteria for suggestive association were found in regions previously associated with lung function, including the AGER/PPT2 and the THSD4 regions. In addition, the majority of variants associated with quantitative measures of lung function showed consistent directions of effect for both COPD and low lung function. Genetic risk scores using selected risk variants from COPD-based cohorts could provide a clinically relevant context to individual-level genetic data, and could have applications in assessing risk to COPD and its severity (25) . We investigated the ability of genetic risk scores to explain COPD risk and FEV 1 % predicted. Genetic data alone only achieved an AUC of approximately 0.6 in our modeling of moderate-to-severe COPD risk. This finding is comparable to the AUC of genetic risk scores in other complex diseases, such as coronary artery disease (54) and type II diabetes (55) . This low AUC of our risk score may be due to the fact that genetic data do not account for the contributions to COPD of other significant risk factors, such as age and environmental exposures, such as pack-years of smoking. The addition of genetic data to the clinical model including age and pack-years of smoking resulted in statistically significant, but small, increases in AUCs and in statistically significant NRI values when classifying risk for severe COPD. Interpretation of the NRI is more straightforward for clinically actionable consensus endpoints, such as primary prevention statin therapy for coronary artery disease outcomes, which are less well defined for COPD. Despite these concerns, the clinical relevance of this model is most apparent in the risk score coefficient itself. The LUNG30 model implies that a subject with 35 risk alleles would show a threefold increase in risk of COPD compared with a subject with a score of 25, all other variables being equal.
Similarly, in our modeling of FEV 1 % predicted, we found a small, but detectable, effect of each individual risk allele, although the cumulative effect of this score may be clinically relevant. For example, within the ICGN dataset, we had subjects with as few as 16 and as many as 45 alleles in their LUNG30 score. Based on our model, this difference in alleles would account for an approximately 30% difference in FEV 1 % predicted, holding all other variables equal. Such a 30% FEV 1 % predicted difference implies that two people (with similar age and pack-years of smoking) may fall into different GOLD severity classes due to the effect of these risk alleles alone. Although the COPD-based ascertainment of the ICGN pedigrees may have led to enrichment of these risk alleles in this cohort, the significance of the risk scores was robust when tested in two additional case-control cohorts.
Despite having analyzed over 16,000 subjects, our study and the experience in other GWAS suggest that power is still a major limitation in detecting additional COPD associations. The definition of COPD phenotypes and its severity by spirometric criteria alone (2) was consistent in our meta-analysis; however, this does not address other aspects of heterogeneity in COPD that may be under genetic control (such as emphysema or exacerbations). The study was cross-sectional in design, with lung function assessment at only one point of time, so we cannot assess the impact of lung function trajectories (56) in our models. This study was not a comprehensive survey of genome-wide data, and its ability to detect new associations was limited to previously identified loci and their surrounding regions. Four of the datasets in our metaanalysis were previously investigated for genetic associations for COPD status (18), so our results are enriched for previously discovered associations. In addition, genotyping was performed before the results of recent COPD and lung function GWAS studies by the UK BiLEVE group (7) and Soler Artigas and colleagues (57, 58) were published, and the additional risk loci for COPD and lung function found in these studies were not included in our analysis. We chose to use a simple model for our genetic (and clinical) risk scores. More sophisticated models using these SNPs, based on genome-wide results, and incorporating additional clinical factors, may result in improved prediction. In pathway analysis in Gene Ontology, Kyoto Encyclopedia of Genes and Genomes, and the Reactome (see the supplemental MATERIALS AND METHODS and RESULTS sections), the closest gene(s) to the LUNG30 risk score variants showed enrichment in gene sets related to structural components of lung development, control of lung development, inflammatory response, and response to steroid hormone, among others. These enriched terms and pathways may help to provide insight into the pathophysiologic mechanisms of COPD pathogenesis that are represented by the LUNG30 association signal. However, our risk scores focused on SNPs previously associated with lung function and COPD; most of the causal genes at these loci are not known, and these signals capture only a minority of relevant genetic mechanisms contributing to COPD pathogenesis. The performance of our genetic risk scores in other racial groups and in never-smokers has not been tested, although this is an area of interest for followup investigations. Although associations with SNPs rs112458284 and rs6860095 did achieve genome-wide levels of significance in our analysis of severe COPD, these results still need to be replicated in independent populations.
In summary, we performed a metaanalysis of markers in selected genes, and discovered two new SNPs associated with severe COPD that reached significance levels equivalent to accepted thresholds of genome-wide significance, one of which tags recognized risk alleles in SERPINA1. Our study is one of the largest genetic association studies of severe COPD, and the first to identify SERPINA1 at genome-wide significance for COPD. Our study supports the idea that loci associated with lung function play some role in susceptibility to COPD. We also showed the clinical applicability of simple genetic risk scores for explaining COPD spirometric severity in an independent cohort. This study adds to the growing body of genetic knowledge about COPD, including efforts at subtyping, prediction, and mechanistic investigation, which may ultimately inform patient counseling, clinical decisionmaking, and lead to new therapies for this disease. n 
